The kinetics of D-glucose and L-sorbose transport was studied in Saccharomyces cerevisiae inhibited with iodoacetic acid under nitrogen to prevent glucose metabolism. D-Glucose was found to compete with L-sorbose for a common membrane transport system with an apparent affinity greater than 25 times that of sorbose. A comparison of the net rate of glucose and sorbose transport at 50 and 500 mm external concentration showed that glucose transport is greater than that of sorbose from the lower concentration, but sorbose transport is greater than glucose at the higher concentration. This reversal of transport rate of two sugars with markedly different affinities is predicted by the membrane carrier theory. A further prediction of carrier theory was confirmed by the demonstration that the rate of glucose transport into fructose-loaded cells is greater than into unloaded cells.
The characteristics of the sugar-transport system in yeast have been receiving renewed attention in several laboratories (Cirillo, 1961c) . Recent studies on the transport of nonmetabolizable sugars (Robertson and Halvorson, 1957; Burger, Hejmova, and Kleinzeller, 1959; Cirillo, 1961a, b; Kotyk, 1961; Avigad, 1960; Scharff, 1961) and certain metabolizable glycosides (De La Fuente and Sols, 1962) suggest that sugar transport across the yeast cell membrane is mediated by stereospecific membrane carriers.
The present report presents further evidence in favor of the carrier hypothesis, and describes I U.S. Public Health Service Career Development Awardee.
the characteristics of glucose transport under conditions which prevent its metabolism.
MATERIALS AND METHODS
Preparation of yeast cells. Commercial baker's yeast (Anheuser-Busch) was washed by repeated centrifugation in distilled water until the supernatant fluids were clear. The volume of the centrifuged yeast was determined after 5 min of centrifugation at 3,000 X g, and a 10% (v/v) suspension was prepared in distilled water.
In most experiments, 2.0 ml of a 10% suspension were placed in 12-ml centrifuge tubes and centrifuged at 3,000 X g for 1 min, giving 0.2 ml of packed yeast per tube.
Sugar-uptake procedure. Sugar-uptake experiments were begun by adding 5.0 ml of sugar solution to the packed yeast, which was then rapidly brought into suspension by stirring with two wooden applicator sticks. The tubes were shaken on an inclined platform in a temperaturecontrolled water bath. At the completion of the experimental period, the tubes were centrifuged at 3,000 X g for 1 to 2 min.
The packed yeast was then washed by centrifugation with three 5-ml portions of 0.9% NaCl for 4 C. The cells were centrifuged for 1 min for each wash, the whole procedure taking about 5 to 6 min. Burger et al. (1959) showed that loss of intracellular sugar at 4 C is negligible. This was confirmed by the fact that intracellular sugar content determined in washed yeast and in unwashed yeast, corrected for extracellular space by using several nonpenetrating substances (Cirillo, 1961a) (Neish, 1952) , glucose by the glucostat method (Worthington Chemical Corp., Freehold, N.J.), and ketoses by the alcoholic anthrone (Wise et al., 1955) or cysteine hydrochloride method (Dische and Devi, 1960) . Inorganic phosphate was measured by the Fiske-SubbaRow method (Umbreit, Burris, and Stauffer, 1957 (Cirillo, 1961a (Cirillo, 1961a; Kotyk, 1961) . Since yeast cells have little or no endogenous anaerobic metabolism, the continued uptake of nonmetabolizable sugars like sorbose and fucose, under nitrogen, indicates that sugar transport is independent of cell metabolism. However, to suppress marginal anaerobic metabolism which might contribute to sugar transport, the rate of sorbose and fucose transport was studied under nitrogen plus 10-3 M IAA.
Sorbose and fucose transport continued under all conditions studied (Table 1) . When sorbose uptake occurred in the absence of IAA, it was not accompanied by phosphate esterification ( Table   2 ). The continued transport of sorbose and fucose under a nitrogen atmosphere and in the presence of 10-M IAA supports the earlier evidence against the participation of cell metabolism in the transport process.
Glucose transport under N2 plus iodoacetic acid. Analyses of alcoholic extracts of the cells incubated with glucose plus IAA (Table 2) revealed the presence of free glucose. This, coupled with the demonstration that glucose metabolism was completely blocked by IAA under N2, showed that it is possible to study glucose transport in the absence of its metabolism. The occurrence of such transport is shown in Table 3 . The absence of significant amounts of intracellular glucose in metabolizing cells is also indicated.
Glucose transport followed at relatively short time intervals, as in Fig. 1 , shows an initially rapid phase followed by a slower phase. The initial uptake is not due to adsorption, since it is absent at ice-bath temperatures.
Relative affinity of glucose and sorbose for the transport system. The instantaneous rate of * Packed yeast (0.2 ml) was suspended at 30 C in 2 ml of distilled water or 2 X 10-3 M IAA. In anaerobic experiments, the suspensions were then flushed with nitrogen for 3 min. The experiment was begun by addition of 2 ml of double-strength sugar solution. The incubation was stopped by centrifugation, and the cells were washed with 0.9% NaCl at 4 C. The cells were extracted with 5.0 ml of distilled water in a boiling-water bath for 15 min. Sorbose was analyzed for by the ketose method; fucose by the reducing-sugar method. glucose transport as a function of external concentration is too rapid to be measured by the methods used. It is therefore not possible to determine the apparent Km by the standard Lineweaver-Burk plot. However, the fact that glucose inhibits sorbose transport and causes uphill sorbose efflux from sorbose-equilibrated cells (Cirillo, 1961b) suggests that glucose and sorbose share a common transport system. The apparent affinity of glucose for the transport system can, therefore, be determined by measuring inhibition of sorbose transport by varying concentrations of glucose. The concentration of glucose which results in 50% inhibition of sorbose TABI,E 3. Glucose transport under N2 plus IAA* * Yeast (0.2 ml) was mixed with sugar at 30 C as described in Table 1 . The incubation was stopped by centrifugation, and the cells were washed with 10-3 M IAA in 0.9% NaCl at 4 C. After the final wash, the cells were extracted with 1 ml of 95% ethanol for 1 hr. The diluted extracts were analyzed by the glucostat method.
transport, designated KI, will give the concentration of glucose which saturates the carriers by 50% provided the concentration of sorbose is far below the concentration which saturates the transport system.
A reciprocal plot of the rate of sorbose transport (from 0.28 M solution) against varying external glucose concentrations is shown in Fig. 2 . The apparent KI of glucose is about 11 X 10-3 M. Since the ratio of sorbose to glucose at the concentration of glucose which inhibits sorbose transport by 50% is 25: 1, the relative affinity of 487 VOL. 84, 1962 on September 23, 2017 by guest http://jb.asm.org/ Downloaded from external sugar concentration, the rate of glucose transport is slightly greater than that of sorbose (Fig. 3B) . For both sugars, however, the rate at which the internal sugar approaches equilibrium with the external medium is greater at the lower concentration (Fig. 4) . These inverse relationships, which at first sight seem surprising, are predicted by the kinetic equations of carrier transport developed by Le Fevre (1954) Fig. 3 and 4 , respectively. When the external sugar concentration is 10 %, the rate of sorbose transport is greater than that of glucose (Fig. 3A) . On the other hand, at a 1% According to the carrier hypothesis, the cell membrane contains stereospecific carriers which can diffuse in both directions and at the same rate, whether combined or uncombined. The process is believed to involve three consecutive reactions: combination between the substrate and carrier to form a carrier-substrate complex, diffusion of the carrier-substrate complex across the cell membrane, and dissociation of the carriersubstrate complex into free substrate and carrier. Of these, the rate-limiting reaction is assumed to be the diffusion step.
The rate of transport in either direction depends on two factors, a capacity factor and a saturation factor. The capacity factor (Tmax) is the maximal possible transport rate and is the product of the total concentration of carrier (Ct) (2) where 0 is the fraction of saturation, S is the substrate concentration, and Kt the dissociation constant of carrier-substrate complex (i.e., the substrate concentration which gives 50% saturation).
The rate of transport (T) in either direction would be the product of the capacity and saturation term
The net rate of transport across the cell membrane would be the difference between independent but symmetrical influx and efflux reactions, each of which conforms to equation 3. The fundamental equation of membrane transport takes the form T = Tmax (So+K Si+K ) (4) (7) Equations 6 and 7 show that the relationship between the rate of transport and the affinity (which is proportional to the reciprocal of the dissociation constant) is very different for low and high saturation. The equations predict that at low saturation the net rate of transport is directly proportional to affinity, while at high saturation the rate of transport is inversely proportional to affinity. The data of Fig. 3 show that the predictions are borne out for glucose and sorbose.
Furthermore, equation 7 predicts that, at high saturation, the rate of transport is inversely proportional to the intracellular concentration (Si). Therefore, the rate of transport will slow down markedly as the internal concentration builds up, and may be barely detectable while the internal concentration is still far below the external. This prediction is also borne out at high glucose and sorbose concentrations (Fig. 4) (Burger et al., 1959; Cirillo, 1961a) , erythrocytes (Park et al., 1956; Rosenberg and Wilbrandt, 1958) , and heart muscle (Park et al., 1959 (Kepes, 1960; Rotman and Guzman, 1961) and in sugar transport in Tetrahymena (Cirillo, 1962) supports the conclusion that this mechanism is as fundamental in microorganisms as in higher forms.
